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Abstract⎯The effect of the moving speed of perma- 

nent magnet (PM) on levitation force between PM and 
high temperature superconducting (HTS) bulk is 
analyzed and described in the PM-HTS levitation 
system. The PM vibration characteristic in the PM-HTS 
system is investigated. The PM may collide with the 
HTS in vibration if the amplitude and frequency of 
driving force satisfy the relationship Pmin

 = A f n. When 
the load of the system is below a threshold, the minimal 
collision amplitude of the driving force increases with 
the load increasing, however, it sharply drops to zero 
when the load exceeds the threshold. With the increase 
of the initial height of the PM, the threshold load 
increases, but the minimal driving force which causes a 
collision between PM and HTS decreases. 

 

Index Terms⎯Collide, computational modeling, 
dynamics, vertical oscillation. 

1. Introduction 
It has been well known that a permanent magnet (PM) 

can be stably levitated above a high temperature supercon- 
ductor (HTS) cooled by liquid nitrogen. A number of 
superconductor and magnet levitation devices have been 
devised and studied at the last decade. The asymmetry of 
PM and the external disturbance may make the levitated 
PM oscillate. It is therefore very important to clarify the 
characteristics of such a system which is related with the 
applications of superconducting bearings, flywheel energy 
storage system, levitation transport systems, and so on. 

Until presently, the numerical calculation of the system 
consisted of a HTS bulk and a PM is merely limited to a 
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quasi-static state, in which the moving speed of the PM is 
very small. Very few reports are available for the numerical 
analysis of the dynamical behavior for the system. On the 
one hand, some improved models proposed based on the 
critical state concept and Maxwell equations can be 
numerical analyzed with the finite element method 
(FEM)[1]-[4]. Although the calculation based on these models 
provides some useful information, the complexity of the 
theory makes it hard to be widely used for practical systems. 
The calculation is also very time-consuming. In practical 
applications, there are many factors which affect the 
behaviors of the PM-HTS levitation system, thus simpler 
and more efficient ways are to be found for analyzing the 
dynamical characteristics of the system in real time. On the 
other hand, phenomenological models have been developed 
to describe and analyze the forces acting to the levitated 
PM by several groups[5]-[9]. Amongst them, Hikihara et al.[5] 
used the levitation force between the PM and the HTS bulk 
to establish the dynamical equation of the system, whereas, 
Konishi and Udea et al.[6]-[9] constructed the mechanical 
model with spring elements. Kordyuk et al.[10] calculated 
the levitation force by analyzing the total free energy of the 
PM-HTS system. These models do predigest the calculation 
and possess clear physical meaning. Although Konishi and 
Udea[6]-[9] investigated the displacement-time feature of the 
vibration, most of these models mainly dealt with the 
frequency characteristics of the PM-HTS system.  

As pointed out previously[11], the models mentioned 
above were all based on the experiments in which only 
HTS ceramic bulks were involved, thus they cannot 
describe the behavior of the PM-HTS where melt-textured 
quasi-crystal bulks were used because these quasi-crystal 
bulks possessed very strong magnetic flux pinning. In order 
to overcome such a problem, an improved Hikihara and 
Moon model was proposed[11], which provided a much 
more accurate description to the levitation force of the 
PM-HTS with strong flux pinning. In this paper, the 
modified Hikihara-Moon model is used to analyze the 
dynamical behavior of the PM-HTS levitation system with 
strong pinning force. 

2. Computational Modeling 
2.1 Dynamical Equation of PM-HTS Levitation System 

Following Hikihara and Moon[5], we consider the 
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PM-HTS system, as shown in Fig. 1. In the system, a PM is 
levitated above a HTS bulk immerging in liquid nitrogen, 
and the load can not be magnetized. An ac external 
magnetic field with alterable frequency and amplitude is 
applied above the PM to provide driving force. Here we 
consider the ideal system in which the insulation is good 
and the gap between the PM and the HTS bulk can reach to 
zero. The corresponding equation to the PM’s dynamic is 

2

gas HTS2 cos( )d z dzm c F mg p
dtdt

tω+ − = − −      (1) 

where m is the mass of the PM, g is the gravy acceleration, 
FHTS is the interaction force between the PM and the HTS 
bulk, z is the displacement, pcos(ωt) is the driving force 
produced by the external ac field, and cgas is the air resistive 
coefficient. 

 
Fig.1. Schematic of the PM-HTS system. 
 

2.2 Levitation Force FHTS

The levitation force of a PM above a HTS bulk with 
strong pinning on quasi-static state condition has been 
investigated previously[11]. However, if the levitation force 
in dynamical state is taken into account, the effect of the 
moving speed of the PM on the levitation force must be 
considered.  

It is well known that the hysteresis of the levitation 
force-displacement curve is due to the pinning centers in 
HTS bulk which can pin the flux line. The stronger the 
pinning force in HTS bulk is, the bigger the hysteresis loop 
of the levitation force-displacement curve is. In the 
PM-HTS system, there are two factors affecting the pinning 
behavior: thermal loss related to the pinning effect and 
Lorentz force. A change of the moving speed of PM will 
result in a change of these two factors. On the one hand, a 
larger speed will induce a larger thermal loss, resulting in 
an increase of the temperature in HTS bulk. Consequently, 
the critic current density decreases, which reflects a 
weakened pinning state in HTS bulk. A serious flux creep 
(giant flux creep) will happen and the relaxation of the 
levitation force will be enhanced. Experimentally, the 
trapped magnetic field in HTS bulk will decrease with the 
increase of frequency of the external ac magnetic 
field[12],[13]. Therefore, when the thermal loss is taken into 
account, a large moving speed of PM may reduce the 
hysteresis of the levitation force of the PM-HTS system. On 
the other hand, when the speed increases, the Lorentz force 
which resists the relative motion between the flux lines will 
prominently increase, this is helpful for the flux depinning. 

Furthermore, as thermally activated flux motion is 
prominent, resulting in the relaxation of magnetization 
(current density)[14], the levitation force will decrease 
significantly with time. When the influence of the PM’s 
moving speed on the levitation force is taken into account, 
the levitation force for PM-HTS[11] is given as  

HTS HTS ( , )d d dF z F f z z
dt dt dt

γ ⎡ ⎤= − −⎢ ⎥⎣ ⎦
           (2a) 
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The meaning of the parameters in (2) is the same as that 
in Ref. [11], where γ is the relaxation coefficient of levita- 
tion force, μ, β, α, and b are simulation parameters, both 

and  are the power of the space between the PM 
and the HTS bulk, f

1
1

cb z 2
2

cb z

z(z) is levitation force, and fz2(z) 
describes the hysteresis behavior of HTS bulk. In this 
calculation, the effects of the levitation force relaxation and 
the thermal loss are taken into account by taking 

1( ) dz dtε α  and 2(1 ) dz dtα . The increase of resistance 
with the increase of speed of the PM is described 
by 1( ) dz dtε α .  

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The calculated levitation force with (2) at different initial 
speeds (mm/s). 

3. Results and Discussion 
Fig. 2 shows the calculated relationship of the levitation 

force with the distance between PM and HTS using (2). 
The parameters taken in the calculation are γ =0.125, ε =5, 
Fmax=67.5, μ1=−1.8, μ2=0.7552, b1=−0.34, c1= 0.3, β =0.15, 
b2=0, α1=30000, α2=4000, and α3=1.0. The four curves 
shown in Fig. 2 correspond to 4 different motion speeds, 
respectively. The hysteresis loop can be clearly seen in the 
levitation force vs. displacement. It is evident that the larger 
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the speed is, the smaller the hysteresis of the loop is, thus 
the larger the maximal force is. The result shown in Fig. 2 
is very similar to the experimental one reported by Yang et 
al.[15]. In our experiment, the permanent magnet is 30 mm 
in diameter with surface field strength of 0.5 T, and a single 
domain YBCO bulk has a diameter of 30 mm and a thick- 
ness of 12 mm. All these conditions are close to the situa- 
tion described by the model of strong pinning force[11]. In 
the simulation, the damp coefficient cgas is fixed at 0.001. 

 
(a) 

 
 
 
 
 
 
 
 
 
 
 

(b) 
 
 
 
 
 
 
 
 
 
 

(c) 

Fig. 3. Dynamical behavior of the system: (a) Oscillation of PM in 
the transient and steady states under different initial conditions, (b) 
Oscillation of PM in steady state, and (c) the relationship between 
the minimal collision amplitude of the external force with the 
driving frequency. 

In the system described by (1) and (2), a change of the 
amplitude and frequency of the external force will lead to a 
change in the vertical oscillation of the PM, which may 
further result in a complicated dynamical behavior of the 
system. In the simulation, we have observed that the 
vibrations may be a single periodic, double periodic, 
quasi-periodic, or even chaos depending on the amplitude 
and frequency of the driving field by analyzing the power 

spectra of the oscillation (the results are not shown here and 
will be published else since the focus of this article will 
concentrate on more general behaviors as described below). 
Fig. 3 (a) and (b) show the typical movement of the PM 
under different initial conditions which are given as A(5, 

40), B(10, 20), C(15, 10) and D(20, 2.04), where the first 
value is the initial speed and the second one is the initial 
height. As shown in Fig. 3 (a), the initial positions affect the 
transient process of the vibration of the PML, but they do 
not affect the stable process (see Fig. 3 (b)) if the load of 
the system is set properly. With the increase of the 
amplitude of the PM vibration, PM and HTS may collide 
each other finally, which sets the breakdown point for the 
levitation. Therefore, in this work, the emphasis will be on 
how the system reaches the breakdown point in different 
conditions. The relationship between the minimal colliding 
amplitude P and the frequency f of the external force is 
show in Fig. 3 (c). The relationship could be fitted by a 
power law of Pmin = Af n with A = 392.8888, n = 2.00215 >2, 
indicating that the relationship is different from but close to 
the behavior of a particle driven by a periodic force, which 
gives a power law of P~f 2 as below: 
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Fig. 4. The curves of the minimal colliding amplitude of the 
external force vs. the load of PM at (a) f = 0.5 Hz and (b) f = 5 Hz. 

Fig. 4 (a) shows the relationship between the load m 
and the minimal collision amplitudes Pmin of external force 
at f = 0.5 Hz and under various initial conditions. Fig. 4 (b) 
shows the similar result at f = 5 Hz. It can be seen that for a 
given initial condition, Pmin increases with the increase of m 
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when m is below a threshold, then sharply drops with m 
after the threshold. Even if there is no external force, the 
PM will also collide with the HTS. Obviously, as the initial 
height of the PM increases, the load that the PM-HTS 
system can afford increases while the minimal colliding 
amplitude of the external force decreases. Also, from the 
figures it can be seen that the threshold load increases with 
the increase of the PM initial height, whereas the minimal 
driving force to cause a collision decreases. 

4. Conclusions 
In this article, we have investigated the effect of the 

moving speed of the PM on the levitation force between the 
PM and the HTS bulk by analyzing response of the 
movement of the PM to the external driving force. We 
found that the PM may collide with the HTS in vibration if 
the amplitude and frequency of the driving force satisfy the 
relationship P=Af n. When the load of the system is below a 
threshold value, the minimal collision amplitude of the 
driving force, Pmin, increases with increasing the value of 
the load. However, the minimal collision amplitude of the 
driving force drops to zero rapidly when the load exceeds 
the threshold. As the initial height of the PM increases, the 
threshold load increases, whereas the minimal driving force 
which causes a collision between PM and HTS decreases. 
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